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013.12.0Abstract Space Technology Experiment and Climate Exploration (STECE) is a small satellite mis-
sion of China for space technology experiment and climate exploration. A new test star tracker and
one ASTRO 10 star tracker have been loaded on the STECE satellite to test the new star tracker’s
measurement performance. However, there is no autonomous precession–nutation correction func-
tion for the test star tracker, which causes an apparent periodic deﬂection in the inter-boresight
angle between the two star trackers with respect to each other of up to ±500 arcsec, so the preces-
sion and nutation effect needs to be considered while assessing the test star tracker. This paper
researches on the precession–nutation correction for the test star tracker’s attitude measurement
and presents a precession–nutation correction method based on attitude quaternion data. The peri-
odic deﬂection of the inter-boresight angle between the two star trackers has been greatly eliminated
after the precession and nutation of the test star tracker’s attitude data have been corrected by the
proposed method and the validity of the proposed algorithm has been demonstrated. The in-ﬂight
accuracy of the test star tracker has been assessed like attitude noise and low-frequency errors after
the precession–nutation correction.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Due to the rapid development of aerospace industry, it puts
forward drastically increasing requirements for the accuracy
of satellite attitude determination. Star tracker is one of the1 84573206.
3.com (Y. Lai), gudefeng05@
.cn (D. Yi).
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16most important satellite attitude sensors which can provide
the absolute 3-axis attitude of a satellite utilizing star observa-
tions.1,2 It is widely used in satellite attitude determination sys-
tems (ADS) and autonomous attitude control systems (ACS).
A star tracker is an optical device which incessantly observes a
portion of the sky, selects the stars in its ﬁeld of view (FOV),
and then sends the stars information to the star-identiﬁcation
process. The process identiﬁes the readings from the guide star
catalog and attitude-determination process determines the ex-
act attitude of the star tracker by using the star observation
vectors and the star reference vectors.3,4 The output of the star
tracker is a quaternion vector that relates the attitude in the
sensor body coordinate frame with respect to the earth cen-
tered inertial coordinate frame. According to the mounted atti-SAA & BUAA. Open access under CC BY-NC-ND license.
Fig. 1 Attitude determination model based on a star tracker.
118 Y. Lai et al.tude matrix of the star tracker, the attitude quaternion of the
satellite can be determined.
Space Technology Experiment and Climate Exploration
(STECE) is a small satellite mission of China for space tech-
nology experiment and climate exploration. STECE carries
two star trackers, an ASTRO 10 star tracker5 and a new test
star tracker. As experiments and evaluation of the test star
tracker being carried out, we found that there was no preces-
sion–nutation6 correction step in the attitude-determination
process of the test star tracker and its output attitude data
are relative to the J2000.0 mean equatorial coordinate system.
However, the ASTRO 10 star tracker had been corrected for
the precession–nutation and its output attitude data are rela-
tive to the instantaneous true equatorial coordinate system.
As a result, the two star trackers’ attitude data are not relative
to the same coordinate system. This causes an apparent peri-
odic deﬂection in the inter-boresight angle between the two
star trackers with respect to each other of up to ±50000. Since
the test star tracker doesn’t have an autonomous precession–
nutation correction function, its attitude data requires correct-
ing the precession and nutation when using the attitude data of
the ASTRO 10 star tracker to assess the test star tracker. The
precession–nutation correction for a star tracker’s attitude
data is different from the precession–nutation correction for
a position vector.7 In this paper, we investigate on the preces-
sion–nutation correction for a star tracker’s attitude measure-
ment, and deduce a precession–nutation correction algorithm
based on a star tracker’s attitude quaternion data.
In order to obtain a better understanding of the test star
tracker’s attitude random noise and low-frequency error, an
in-ﬂight accuracy analysis of the test star tracker is carried
out after the precession–nutation correction.
Section 2 discusses the star tracker measurement principle
and the attitude determination model. Section 3 focuses on
deducing the precession–nutation correction algorithm based
on the star tracker’s attitude quaternion data. Section 4 shows
the results of the precession–nutation correction for the test
star tracker’s attitude data. Section 5 gives the in-ﬂight accu-
racy analysis of the test star tracker. The ﬁnal section of this
paper contains the summary and conclusions.
2. Star tracker measurement principle and attitude
determination model
Fig. 1 depicts the attitude determination model based on a star
tracker.
The point O is the optical center of the star tracker’s camera
optical system. z axis is the star tracker’s optical axis, while x
and y axes are located in the star tracker’s focal plane, respec-
tively parallel to the row and column scanning directions. vi
and wi (i ¼ 1; 2; . . . ;N) are the reference unit vectors (calcu-
lated from the guide star catalog) and their corresponding vec-
tors measured by the star tracker in the star tracker
measurement coordinate system.
Set C be the direction cosine matrix or attitude matrix (the
unknown rotation matrix from the reference coordinate system
to the star tracker measurement coordinate system) such that:
CTC ¼ CCT ¼ I; or CT ¼ C1 ð1Þ
Then the vectors vi and wi satisfy
8–10:
W ¼ CV ð2Þwhere the column vector matrices W and V are deﬁned as:
W ¼ ½w1 w2 . . . wN3N; V ¼ ½v1 v2 . . . vN3N ð3Þ
The attitude determination (estimated) based on star track-
ers is to determine the direction cosine matrix C through a cer-
tain algorithm such as the TRIAD algorithm and the QUEST
algorithm.3 When C is determined, the corresponding attitude
quaternion can be acquired according to the equivalent rela-
tionship between the attitude matrix and the attitude
quaternion.11
Need to note that the reference unit vectors are calculated
by using the star information in the guide star catalog stored
in star trackers’ ﬁrmware. The guide star catalog provides a
star’s ID, magnitude, mean place, and so on in celestial.12,13
The guide star catalog is based on the J2000.0 mean equatorial
coordinate system, so the star vectors calculated from the
guide star catalog are in the same system. Caused by the pre-
cession and the nutation motion, the coordinate system itself
has changed from basic epoch J2000.0 to an observation
epoch, about 5000 per year, so the star vectors calculated from
the guide star catalog are different from their corresponding
vectors at the observation epoch. Thus the star trackers have
to correct the precession and nutation for the star vectors cal-
culated from the guide star catalog to obtain their correspond-
ing star vectors in the instantaneous true equatorial coordinate
system before carrying out the attitude-determination process.
The star trackers then use the star vectors with the precession–
nutation correction as the reference unit vectors in Eq. (2) to
acquire the attitude relative to the instantaneous true equato-
rial coordinate system.14
3. Precession and nutation correction for attitude measurement
3.1. Precession and nutation
Precession is caused by the gravitational interactions between
the Earth and the Sun, the Moon, and other planets. The
Earth is not a perfect sphere but an oblate spheroid, with an
equatorial diameter about 43 km larger than its polar diame-
ter. Because of the Earth’s axial tilt, the gravitational forces
of the Sun and the Moon on the Earth’s equatorial bulge cre-
ate a small torque on the Earth. The axis of this torque is
roughly perpendicular to the axis of the Earth’s rotation so
the axis of rotation precesses, causing the Earth’s axis to move
around the ecliptic north pole, with an angular radius of about
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direction of precession is opposite to the daily rotation of
the Earth on its axis and the period is about 25,800 years. This
kind of precession is named as Lunisolar precession. Lunisolar
precession makes the equinoxes move about 50.3700 per year
westward along the ecliptic with respect to the inertial space.
Besides, the gravitational forces of other planets on the Earth
and its orbital plane (the ecliptic) can cause the plane of the
ecliptic to shift slightly relative to the inertial space, which is
named as planetary precession. It makes the equinoxes move
about 0.1300 per year along the equator.
The nutation happens because of tidal forces that cause the
precession of the equinoxes to vary over time so that the speed
of the precession is not constant. The largest component of the
Earth’s nutation has a period of 18.6 years. It reaches plus or
minus 1700 in longitude and 900 in obliquity.
Due to the precession and nutation, the true equatorial
coordinate system is changing by time. The discrepancy be-
tween the true equatorial coordinate system and the J2000.0
mean equatorial coordinate system will increase about 5000
per year as time goes by. The transformation algorithm be-
tween the J2000.0 mean equatorial coordinate system and
the instantaneous true equatorial coordinate system at epoch
t can be expressed as:
rðtÞ ¼ NðtÞPðt; t0Þrðt0Þ ð4Þ
where t0 is epoch J2000.0, rðt0Þ is the three-dimensional posi-
tion vector in the J2000.0 mean equatorial coordinate system,
rðtÞ is the three-dimensional position vector in the instanta-
neous true equatorial coordinate system, Pðt; t0Þ is the preces-
sion matrix from t0 to t, and NðtÞ is the nutation matrix at
epoch t. The precession matrix Pðt; t0Þ and the nutation matrix
NðtÞ are calculated by the IAU2000 precession–nutation
model.7
The expression of the precession matrix is:
Pðt; t0Þ ¼ RzðZAÞRyðhAÞRzðfAÞ ð5Þ
where the precession quantities in the IAU2000 precession
model are expressed as follows:
fA ¼ 2:597617600 þ 2306:080950600tþ 0:301901500t2þ
0:017966300t3  0:0000327t4  0:000000200t5
hA ¼ 2004:191747600t 0:426935300t2  0:041825100t3
0:000060100t4  0:000000100t5
ZA ¼ 2:597617600 þ 2306:080322600tþ 1:094779000t2þ
0:018227300t3 þ 0:000047000t4  0:000000300t5
ð6Þ
Ry and Rz are rotation matrix around y-axis and z-axis,
respectively:
RyðaÞ ¼
cos a 0  sin a
0 1 0
sin a 0 cos a
2
64
3
75; RzðaÞ ¼
cos a sin a 0
 sin a cos a 0
0 0 1
2
64
3
75
ð7Þ
where a is the rotation angle.
This precession model can make sure sub-microarcsecond
accuracy over 4 centuries. The precession quantities as func-
tions of time are expressed in TT (Terrestrial Time). The
parameter t, used in the above expressions as well as in those
below, is the elapsed time in Julian centuries since J2000 TT,
deﬁned by:t ¼ ðTT 2000January1 d12 hTTÞ=36525 ð8Þ
with TT in days.
The expression of the nutation matrix is:
NðtÞ ¼ Rxð~eÞRyðDwÞRxðeÞ
¼ Rxððeþ DeÞRyðDwÞRzðeÞ ð9Þ
where ~e is the true angle between the equator and the ecliptic, e
is the mean angle between the equator and the ecliptic, De is
the nutation in obliquity, and Dw is the nutation in longitude.
The computation formula of e is:
e ¼ 84381:44800  46:8402400t 0:0005900t2 þ 0:00181300t3 ð10Þ
Rx are rotation matrix around x-axis:
RxðaÞ ¼
1 0 0
0 cos a sin a
0  sin a cos a
2
64
3
75 ð11Þ
The IAU 2000 nutation model is given by a series, including
678 terms correlated with Lunisolar and 687 terms correlated
with planetary, for nutation in longitude Dw and obliquity
De, referred to the mean ecliptic of date, with t measured in Ju-
lian centuries from epoch J2000.0:
Dw ¼
XN
i¼1
ðAi þ A0itÞ sinðARGUMENTÞ
þ ðA00i þ A000i tÞ cosðARGUMENTÞ
De ¼
XN
i¼1
ðBi þ B0itÞ sinðARGUMENTÞ
þ ðB00i þ B000i tÞ cosðARGUMENTÞ ð12Þ
where Ai;A
0
i;A
00
i ;A
000
i ;Bi;B
0
i;B
00
i ;B
000
i are coefﬁcients, and the
ARGUMENT is a function of the ﬁve fundamental argu-
ments: ARGUMENT ¼P5j¼1NjFj, where Nj are integers and
Fj are functions of time. More details about the coefﬁcients
and arguments of these series can be seen in IERS Conventions
(2003).7 All these series are available electronically on the
IERS Convention Center website.3.2. Attitude precession–nutation correction
The star vectors calculated from the guide star catalog are in
the J2000.0 mean equatorial coordinate system, marked as
vi(t0) (t0 = 2000.0, i= 1,2, . . . ,N). If the star trackers use
vi(t0) as the reference vectors without the precession–nutation
correction in the attitude determination model Eq. (2), the ac-
quired direction cosine matrix, marked as C0, will be the rota-
tion matrix from the J2000.0 mean equatorial coordinate
system to the star tracker measurement coordinate system:
W ¼ C0V:0 ð13Þ
where column vector V0 ¼ ½ v1ðt0Þ v2ðt0Þ . . . vNðt0Þ 3N. The
star trackers’ output corresponding attitude quaternion q0 will
also be relative to the J2000.0 mean equatorial coordinate
system.
We correct the precession–nutation for the star vectors
viðt0Þ to gain the corresponding star vectors viðtÞ in the instan-
taneous true equatorial coordinate system:
viðtÞ ¼ NðtÞPðt; t0Þviðt0Þ ð14Þ
Fig. 2 Inter-boresight angle as time series (precession–nutation
not corrected).
Fig. 3 Inter-boresight angle vs. satellite latitude (precession–
nutation not corrected).
Fig. 4 Inter-boresight angle as time series (precession–nutation
corrected).
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VðtÞ ¼ NðtÞPðt; t0ÞV0 ð15Þ
where t is the observation epoch.
Use vi(t) (i= 1,2, . . . ,N) as the reference unit vectors in the
attitude determination model Eq. (2) and let C be the acquired
direction cosine matrix:
W ¼ CVðtÞ ð16Þ
Then the direction cosine matrix C acquired from Eq. (16)
is the rotation matrix from the instantaneous true equatorial
coordinate system to the star tracker measurement coordinate
system and the star trackers’ output corresponding attitude
quaternion q is relative to the instantaneous true equatorial
coordinate system.
Substituting Eq. (15) into Eq. (16), we get:
W ¼ CNðtÞPðt; t0ÞV0 ð17Þ
From Eqs. (13) and (17), we have:
CNðtÞPðt; t0Þ ¼ C0 ð18Þ
Then the precession–nutation correction algorithm for the
direction cosine matrix can be written as:
C ¼ C0ðNðtÞPðt; t0ÞÞ1 ð19Þ
Let dq ¼ ½ dq0 dq1 dq2 dq3 T be the corresponding atti-
tude quaternion of the precession–nutation matrix
ðNðtÞPðt; t0ÞÞ. According to the equivalent relationship
between the attitude matrix and the attitude quaternion and
to the quaternion theory in Ref.15, we can obtain the attitude
quaternion precession–nutation correction algorithm:
q ¼ ðdqÞ1  q0 ð20Þ
where ðdqÞ1 ¼ ½ dq0 dq1 dq2 dq3 T is the inversion
of dq, and the operator  is the quaternion multiplication de-
ﬁned as in Ref.16:
q p ¼
p0 p3 p2 p1
p3 p0 p1 p2
p2 p1 p0 p3
p1 p2 p3 p0
2
6664
3
7775
q1
q2
q3
q0
2
6664
3
7775 ð21Þ
with q ¼ ½ q0 q1 q2 q3 T and p ¼ ½ p0 p1 p2 p3 T.
4. Results from attitude precession and nutation correction
In the following we are using a very simple measure, namely
the so-called inter-boresight angle (IBA) to verify the attitude
precession–nutation correction method given in Section 3. The
IBA is found of the dot-product of the measured pointing
direction from simultaneous measurements of two star track-
ers. Ideally, the IBA between two star trackers is almost con-
stant as time series if there are no deﬂections (such as
precession and nutation bias, annual and orbital aberration,
and thermal generated offsets). Therefore, it is a very simple
measure to assess the pointing accuracy of a star tracker.
The data set selected here are the attitude quaternion data of
the test star tracker and the ASTRO 10 star tracker from 0 h
to 7 h of May 1st, 2012 (about 4 consecutive orbits). The atti-
tude quaternion precession–nutation correction algorithm is
used to correct the precession and nutation of the test star
tracker’s attitude quaternion data.4.1. Without precession–nutation correction
Fig. 2 depicts the IBA between the test star tracker and the AS-
TRO 10 star tracker as time series. In Fig. 3, the IBA vs. the
satellite latitude is given. The missing precession–nutation cor-
rection of the test star tracker’s attitude quaternion data causes
an apparent periodic deﬂection in the IBA between the two
star trackers with respect to each other of up to ±50000. As a
consequence, the IBA varies elliptically over an orbit.
4.2. With precession–nutation correction
The same kind of plots as above are given in Figs. 4 and 5 but
the precession and nutation of the test star tracker’s attitude
Fig. 5 Inter-boresight angle vs satellite latitude (precession–
nutation corrected).
Fig. 6 Test star tracker’s 3-axis random noise over an orbit.
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tion correction algorithm. As seen in Fig. 4, the periodic deﬂec-
tion in the IBA is greatly eliminated and the IBA is almost
constant over an orbit. Now the deﬂection of the IBA is within
a band of only ±4500.
Fig. 5 is superpositions of 4 consecutive orbits. The repro-
ducibility is remarkable. Features re-appear at the same posi-
tion along the orbit. This predicts that the residual deﬂection
of the IBA includes not only the random noise but also some
low-frequency errors.17,18 The apparent reason of the low-fre-
quency errors is still unclear by now, but at the same time the
reproducibility provides a possibility to compensate for the
low-frequency errors in post-processing by analyzing the regu-
lar pattern.
5. Accuracy analysis of the test star tracker
After the precession and nutation of the test star tracker’s atti-
tude data have been corrected, the IBA streams between the
test star tracker and the ASTRO 10 star tracker become ﬂat
with the deﬂection level reduced from ±50000 to only ±4500.
This indicates that the main systemic bias in the test star track-
er’s attitude data has been eliminated and the consistency be-
tween the two star trackers has improved. The residual error
of the IBA is a mixture of the random noise and the low-fre-
quency error. In order to obtain a better understanding of
the test star tracker’s attitude random noise and low-frequency
error, an accuracy analysis of the test star tracker will be car-
ried out subsequently. We will use mathematical methods to
distill the random noise and the low-frequency error of the test
star tracker’s 3-axis attitude measurement.
5.1. Random noise
In order to analysis the 3-axis attitude measurement random
noise of the test star tracker, we use the property of random
noise contributor to be uncorrelated between successive data
samples. By building up the so-called delta quaternion (Dq)
we can derive the angular rate as the mean rotational differ-
ence between the data stamps and the uncorrelated error,
which is just the random noise. The telemetry data received
from the STECE satellite are 1 Hz. Given a group of successive
attitude quaternion data q(ti)(i= 1,2, . . . ,N), the quaternion
measured at ti+1(q(ti+1)) can be described by the quaternion
measured at ti(q(ti)) and a quaternion multiplication of the
searched delta quaternion (Dq):qðtiþ1Þ ¼ qðtiÞ  DqðtiÞ ð22Þ
Therefore, the delta quaternion can be computed by:
DqðtiÞ ¼ qðtiÞ1  qðtiþ1Þ ð23Þ
where qðtiÞ1 ¼ ½ q0 q1 q2 q3 T is the inverse quater-
nion of q(ti).
The delta quaternion can be expressed as a 3-axis Euler
angle.16 Fig. 6 shows the calculated delta quaternions as 3-axis
Euler angles in the test star tracker measurement reference
frame over a time period of an orbit. The streams are plotted
around the zero arcsec line with the removed mean value per
axis. Considering the delta quaternion is the multiplication
of two statistically independent data samples, which is a per-
mitted assumption for quaternions with respect to their ran-
dom noise component, the 3-axis noise can be computed
from the standard deviation per axis divided by
ﬃﬃﬃ
2
p
. The x-axis
noise is 2.4800 3r, the y-axis noise is 2.0900 3r, and the z-axis
noise is 15.8000 3r. The noise about the boresight (+z axis)
is roughly 7 times larger than the noise normal to the
boresight.5.2. Low-frequency periodic error
In order to distill the 3-axis attitude measurement low-fre-
quency error of the test star tracker, we need to create a refer-
ence quaternion which represents as good as possible the orbit
track under investigation. For that purpose we use the Vond-
rak ﬁlter to ﬁt the test star tracker’s measured quaternions over
their time stamps to acquire the reference quaternions. The
Vondrak ﬁlter is a method based on observed data, which
can smooth equidistance or non-equidistance data serials rea-
sonably through selecting a smoothing factor to control its de-
gree even in the condition of unknown ﬁt function.19,20
The 4 elements of the measured quaternions are ﬁtted by
the Vondrak ﬁlter method separately:
qrðtiÞ ¼ ½ q0rðtiÞ q1rðtiÞ q2rðtiÞ q3rðtiÞ T;
qjrðtiÞ ¼ VandrakfitðqjðtiÞÞ; j ¼ 0; 1; 2; 3
Then we can calculate the delta quaternion between the
measured quaternion q(ti) and the reference quaternion qr(ti)
at the same time stamps (ti):
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Transform the delta quaternion to an Euler angle rotation
around x-axis, y-axis and z-axis, we can obtain the 3-axis atti-
tude measurement error. Fig. 7 below shows the delta quater-
nions between the reference quaternions and the measured
quaternions both at the same time stamp streams represented
in Euler angles around the x-axis, y-axis, and z-axis, calculated
for a single orbit. It is seen that there are excursions (drift and
periodic variations) in the range of 2000 in x-axis and y-axis and
10000 in z-axis, larger than the random noise. The reference
quaternions are smooth due to the Vondrak ﬁlter ﬁtting.
Therefore, the axis error plots contain the total error which in-
cludes the low-frequency errors and the random noise.
Further, we compare the test star tracker’s attitude data
from several orbits. It becomes evident that these excursions
are repeated from orbit to orbit. Fig. 8 shows the x-axis error
streams for four consecutive orbits, and all the orbits show the
same characteristic variation.Fig. 7 3-axis error streams of test star tracker distilled by the
Vondrak ﬁlter for a single orbit.
Fig. 8 x-axis error streams of test star tracker distilled by the
Vondrak ﬁlter for four consecutive orbits (The error streams have
been offset by 3000 for each orbit for clarity).6. Summary and conclusions
A precession–nutation correction algorithm based on a star
tracker’s attitude quaternion data is deduced in this paper.
After the precession and nutation of the STECE satellite teststar tracker’s attitude data have been corrected, the periodic
deﬂection of the IBA between two star trackers has been
greatly eliminated and the deﬂection has been reduced from
±50000 to only ±4500. The residual errors in the IBA contain
low-frequency errors and random noise. In order to obtain a
better understanding of the test star tracker’s attitude random
noise and low-frequency error, an in-ﬂight accuracy analysis of
the test star tracker has been carried out. It is expected that the
results contribute to a better understanding as well as further
reﬁnements of the star tracker’s hard and software.
From above precession–nutation correction results and
accuracy analysis of the test star tracker, we know that the
low-frequency errors are the main factors inﬂuencing the star
tracker’s attitude accuracy. The low-frequency error is one of
the most critical problems for high-accuracy satellite attitude
determination. Currently, there is no effective way to compen-
sate for the low-frequency error. More work needs to be done
to analyze the features and the generation reason of the low-
frequency error and then ﬁnd an approach to overcome this
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